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EXPF;KIMENTAL ATMOSPHERIC ABSORPTION VALUES FROM 

AIRCRAFT FLYOVER NOISE  SIGNALS 

By Dwlght E. B i s h o p  and Myles A .  Simpson 
B o l t  B e r a n e k  and Newman, Inc.  

David Chang 
All ied Resehrch Associates ,   Inc . 

SUMMARY 

A detailed a n a l y s i s  of  t h e  no i se  recorded on the ground 
dur ing  a series o f  20 aircraft flyovers by two a i r c r a f t  
( a  four -engine   tu rboje t   t ranspor t   and  a four-engine  pis ton 
t r a n s p o r t )   d u r i n g  a s i n g l e  day of f ield measurements has 
been  conducted t o   o b t a i n   e x p e r i m e n t a l   v a l u e s  of sound  absorp- 
t i o n .  Noise l eve l s   r eco rded  a t  f ive   pos i t i ons   unde r   and  
t o  the side of the  flight path t o g e t h e r  with radar t r a c k i n g  
data and  meteorological   Information  obtained on the s u r f a c e  
a n d   a l o f t  were acqui red   dur ing  the  field tests.  Dif fe rences  
in   one-third  octave  band  noise   levels   observed a t  d i f f e r e n t  
g r o u n d   p o s i t i o n s   f o r  the same angle of rad ia t ion   f rom the 
a i r c r a f t  were u t i l i z e d   t o   o b t a i n  sets o f   abso rp t ion   va lues  
which are compared to c a l c u l a t e d  values of   sound  absorp t ion  
using both.  surface  and  a l t i tude  measurements   of   temperature  
and humidity. 

During the  tests, moderate  surface  temperatures ( 5 8  
t o  61° F.) and high r e l a t i v e  humidi t ies  (80 t o  100%) were 
experienced.  For these p a r t i c u l a r  tests, l i t t l e  d i f f e r e n c e  
was found  between mean c a l c u l a t e d   a b s o r p t i o n   v a l u e s  based 
upon surface  measurements alone compared t o  t h o s e   c a l c u l a t e d  
from  both  surface  and  alt i tude  measurements of temperature  
and humidi ty .  



Although  cons iderable   var iab i l i ty  was found among absorp- 
' t i o n   v a l u e s   c a l c u l a t e d  from s i n g l e   f l y o v e r s ,   c o n f i d e n c e   l e v e l  
h t e r v a l s  were considerably reduced by grouping data from 
several f lyove r s  Nean exper imenta l   a tmospher ic   absorp t ion  
values  based upon  combined data f o r  a l l  f l y o v e r s  show good 
agreement  (within AO.8 dB per 1000 f t )  w i t h  c a l c u l a t e d  absorp- 
t i o n   v a l u e s  for frequencies  from 1250 t o  6300 Hz. A t  fre- 
quencies  from 400 Hz ( t h e  lower  frequency limit of  t h e  study) 
t o  1000 Hz, t h e  expe r imen ta l   va lues   t yp ica l ly  2 dB per thousand 
feet ,  are s i g n i f i c a n t l y  greater than   ca l cu la t ed   va lues  based 
upon the  e x i s t i n g   i n d u s t r y  guide, SAE ARP 866. A t  8000 Hz, 
experimental  data show cons iderable  scatter a n d   c o n f l i c t i n g  
results with c a l c u l a t e d   v a l u e s .  

The experimental  values of  atmospheric   absorpt ion are 
c o n s i s t e n t l y  lower f o r  large radiation angles (110 t o  150° 

as measured  from the  forward   d i rec t ion  of the a i r c r a f t )  from 
the t u r b o j e t  aircraft compared t o  the values  for o t h e r   r a d i a t i o n  
angles  from the t u r b o j e t   a i r c r a f t   o r  for  a l l  radiation ang les  
from the p r o p e l l e r  aircraft;. 

The data ana lys is   t echniques   and  f i e l d  procedures appear 
useful for a p p l i c a t i o n  in a d d i t i o n a l   s t u d i e s  of sound  absorp- 
t i o n   o v e r  a wider range of temperature and humidi ty .  Recom- 
mendations for changes i n   i n s t r u m e n t a t i o n  are g i v e n   i n  order 
t o   o b t a i n  more useful data In the frequency  range  from 6300 
t o  10,000 Hz. 
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INTRODUCTION 

This r e p o r t  describes the r e s u l t s  of ana lyses  of sets 
of recorded   f lyover   no ise  data t o   o b t a i n   e x p e r i m e n t a l   v a l u e s  
of a tmospheric   absorpt ion coefficients.  The tes t  data 
were obtained  on A p r i l  29, 1969 during a s i n g l e  day of 
f i e l d  measurements In which a series of 20 c o n t r o l l e d  air- 
craf t  f lyove r s  were made -- 1 4  f lyove r s  o f  a four-engine 
t u r b o j e t   t r a n s p o r t  aircraft  (Convair 880), and 6 f lyove r s  
of  a four-engine  pis ton power a i rcraf t  (Lockheed 104gG).  
The major  purposes of the program were t o :  

Develop  and t e s t  methods for analyz ing   f lyover  
s i g n a l s   r e c e i v e d  a t  d i f f e ren t   g round   pos i t i ons  
t o   o b t a i n   e x p e r i m e n t a l   v a l u e s  of a i r  abso rp t ion .  

Compare t h e  experimental   values  of sound  absorpt ion 
with those   p red ic t ed  by ava i l ab le   i ndus t ry   gu ides  
u s i n g   b o t h   s u r f a c e   a n d   a l t i t u d e   v a l u e s  o f  temperature  
and humid i ty .  

On t h e  basis of the above,  develop  conclusions 
and  recommendations f o r  f u t u r e  sound propagat ion  
s tud ies .  

3 



BACKGROUND  DISCUSSION 

The  noise  signals  received  on  the  ground  from  noise  propagat- 
ed fr6m an aircraft  during a flyover are subject to many in- 
fluences  as  the  signal  propagates  through  the  atmosphere. Tem- 
perature  and  wind  gradients  produce  differences in sound  speeds 
in  different  portions of the  atmosphere  which  result  in  ttbending't 
of the  sound  propagation  paths.  Inhomogeneities  in  the  atmosphere 
cause  scattering;  the  terrain  introduces  absorption and reflec- 
tions.  In  addition  to  such  factors,  sound  is  attenuated  as  it 
travels  through  the  atmosphere prharily as a result  of  molecular 
absorption.  Such  absorption by the atmosphere varies with  both 
the  temperature  and  humidity  of  the  air. 

Because  atmospheric  conditions are seldom  the  same,  there 
is  need  for  methods  for  comparing  flyover  noise  levels  obtained 
under  one  set  of  field  conditions  with  those  observed  under 
different  atmospheric  conditions, or, to  adjust  experimentally 
obtained  flyover  noise  levels to those which would be expected 
for  !'standardtt  atmospheric  conditions. SAE Aerospace  Recommended 
Practice ( A R P )  866 (Ref. 1) presents  a  method  for  estimating  the 
atmospheric  absorption  of  sound  due to both  classical and 
molecular  attenuation  for  a wide range of temperatures, 
humidities and frequencies. 

Field  atmospheric  absorption  data  obtained  from  aircraft 
flyovers  reported  from a variety of  sources  show  conflicting 
agreement witk; ARP 866 values.  Some of the  experimental data 
shows good agreement  with ARP 866 values but much  of  the 
reported  data  often  falls  below  and  sometimes  above  the 
predicted  values  at  the  higher  frequencies  (Refs. 2, 3 and 4 ) .  

A possible  important  contributor to the  scatter  in ex- 
perimental data is  the  fact  that,  for  most  reported  data,  only 
surface  measures  of  temperature  and  humidity  were made and 
little  information is available  to  indicate  whether  or  not 
absorption may have varied at heights  between  the  surface and 
the  aircraft. 
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The s c a t t e r   i n   e x p e r i m e n t a l  data has s t i m u l a t e d   I n t e r e s t  
i n  means for improving  a tmospheric   absorpt ion  predict ion 
procedures   and/or   re f in ing  t es t  p r o c e d u r e s   t o   o b t a i n  more 
reliable f i e l d  data. One approach is t o   s p e c i f y  more 
r igo rous ly  the meteorological   condi t ions  under  which flight 
measurements  should be  made. For  example, the weather 
c o n d i t i o n s   o u t l i n e d   f o r   n o i s e   c e r t i f i c a t i o n   r e q u i r e m e n t s  
( R e f .  5) specify ranges  of   surface  winds,  temperature 
and  humidity  under which acceptable  measurements may be 
made. A drawback t o  t h i s  approach i s  that it d r a s t i c a l l y  
limits the time and  places  under which accep tab le   no i se  
measurements may be made. Fur the r ,  there is a t  p resen t  
no c e r t a i n t y ,   s u b s t a n t i a t e d  by experimental   evidence,  
that  the spec i f i ed   me teo ro log ica l   cond i t ions  satisfac- 
t o r i l y  remove the uncertainty  about   a tmospheric   absorpt ion 
c o r r e c t i o n s .  

A n o t h e r   f a c t o r   c o n t r i b u t i n g   t o  the s c a t t e r   o f  data 
a t  the higher audio f requencies  i s  the  d i f f i c u l t y   i n  
ob ta in ing  re l iable  noise  measurements a t  t h e  higher fre- 
quencies ,   par t icu lar ly   above  4000 Hz, due t o   b a s i c   s i g n a l -  
t o -no i se   l imi t a t ions .  Such l i m i t a t i o n s   r e s u l t  from the 
genera l ly   decreas ing   no ise   ou tput   o f  most a i r c r a f t   s o u r c e s  
a t  the h ighe r  f requencies   and the large i n c r e a s e s   i n  
a tmospheric   absorpt ion w i t h  f requency.   Both  factors  
c o n t r i b u t e   t o  a sharp d e c r e a s e   i n  the rece ived   f lyover  
n o i s e   s i g n a l  as a func t ion   of   f requency .   Fur ther   fac tors  
c o n t r i b u t i n g   t o   s c a t t e r  a t  higher f requencies  are uncer- 
t a i n t i e s   i n  microphone  frequency  response  due t o  v a r i a t i o n s  
i n  microphone  response with changing  angles of inc idence  

A m a j o r   l i m i t a t i o n   e n t e r i n g   i n t o  the de termina t ion  
of   excess   absorp t ion   va lues   f rom  f lyover  noise s i g n a l s  
( t y p i c a l l y  produced by a i r c r a f t   f l y i n g  a t  speeds from 
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150 t o  250 knots  a t  a l t i t u d e s  from 500 t o  2000 f t )  is  
the t ime-varyin3  nature  of  t he  s i g n a l   r e c e i v e d  on the 
ground,  which d r a s t i c a l l y  limits the time over  which 
the s i g n a l   l e v e l   c a n  be meaningfully  averaged.  Although 
t h e  bas i c   no i se   s igna l   p roduced  by the  a i r c r a f t  is usua l ly  
broad   band   in   na ture   and  may resemble random no i se  when 
measured i n  t h e  n e a r  field, t h e   s i g n a l   r e c e i v e d  at a large 
d i s t a n c e  from the source will undergo   f luc tua t ions ,  as 
measured in 1/3  octave  bands,  t h a t  a r e  of much g r e a t e r  
v a r i a b i l i t y   t h a n  would be  expected f o r  a random no i se  
s i g n a l .  Thus,  given a limited sampling time, and the 
unknown but   suspec ted  large v a r i a t i m   i n   s i g n a l  amplitude, 
data from a s ingle   f lyover   measurement  must  be  associated 
with a r e l a t ive ly   l a rge   conf idence   i n t e rva l   abou t  i t .  

The f i e l d  measurement program was d e v i s e d   t o   e l i m i n a t e  
or   reduce  some of the l imi t a t ions   f r equen t ly   encoun te red  
i n  past measurements. I n   p a r t i c u l a r ,   t e m p e r a t u r e ,  h u m i d i t y  
and  winds were measured a t  the s u r f a c e   a n d   a l o f t .   S p e c i a l  
low-frequency de-emphasis networks were i n c o r p o r a t e d   i n  
the noise   record ing  system t o  improve the s igna l - to-noise  
r a t i o  of t he   r eco rded   s igna l  a t  t h e  h i g h e r  audio f requencies .  
The b a s i c  sample time l i m i t a t i o n  was approached b y  u t i l i z i n g ,  
typical ly ,   twenty-f ive  measurements  o f  l e v e l s  a t  d i f f e r e n t  
time i n t e r v a l s  per f l y o v e r   r e c o r d  for each one- th i rd  
octave  frequency  band a t  each  ground  posi t ion,   and  recording 
the  f l y o v e r  a t  f ive   g round  pos i t ions .  A l s o ,  f lyove r s  of 
a n   a i r c r a f t  at  the same a l t i t u d e  were repeated fo r   each  
series o f  flyover tests.  

Before  reviewing detai ls  of the f i e l d  experiment,  
it I s  h e l p f u l   t o  first o u t l i n e  t h e  basic   approach  used 
I n   c o r r e l a t i n g  t h e  a i r c r a f t   a n d   n o f s e  data and ir, matching 
no i se  data obtained a t  d i f fe ren t   g round  pos i t ions   and  
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at d i f f e r e n t   t i m e   i n t e r v a l s   d u r i n g  a s i n g l e   a i r c r a f t  
f l y o v e r .  The analysis   approach is  made p r a c t i c a b l e  by 
the a v a i l a b i l i t y   o f   a c c u r a t e   a i r c r a f t   t r a c k i n g   i n f o r m a t i o n  
and time co r re l a t ions   be tween   a i r c ra f t   pos i t i ons   and  the 
noise  measurements  recorded a t  ground p o s i t i o n s .  

The approach   u t i l i ze s   s eve ra l   bas i c   a s sumpt ions   abou t  
t h e   a i r c r a f t  sound source. Pr imary  assumptions are (a) t h e  
a i r c r a f t   n o i s e   o u t p u t   f o r  any one f lyove r  at cons tan t  
a i r  speed   and   a l t i tude  is  constant  and does not  change 
du r ing   t he   f l yove r ;  ( b )  t h e   d i r e c t i o n a l   p a t t e r n  of sound 

rad ia t ion   f rom the a i r c r a f t  i s  cy l indr ica l ly   symmetr ic  
about t h e  a i r c r a f t  flipat path;  ( c )  t h e   s i z e  of t h e   a i r c r a f t  
sound  source i s  small compared to t h e  measurement d i s t a n c e s  
involved.  

Obviously,,  assumptions (b) and  (c )  are no t   t rue  a t  
small d i s t ances   f rom  mul t i - eng ine   a i r c ra f t .  However, 
f o r  the   d i s tances   concerned ,  ranging from a mininum a l t i t u d e  
of  approximately 700 f t   f o r   t h e   f o u r - e n g i n e   p i s t o n   a i r c r a f t  
and 1500 f t  for t h e  t u r b o j e t   a l r c r a f t ,   a s s u m p t i o n  ( b )  
was assumed t o  be a reasonable  one t h a . t  would not   in t roduce  
l a r g e   e r r o r s .  Assumption ( c )  also appeared quite reasonable  
f o r  the p i s t o n   a i r c r a f t   f o r   t h e  measurement d i s t a n c e s  
involved.  It may be a more ques t ionable   assumpt ion   for  
t h e   j e t   a i r c r a f t  where t h e  e f f e c t i v e  size of the r a d i a t i n g  
sound source is  more d i f f i c u l t  t o  define,   and  where  source 
s i z e  may v a r y   s i g n i f i c a n t l y  wi th  frequency. However, 
f o r  t h e  frequency  range  above 1000 Hz, which is of most 
i n t e r e s t  in t h e  measurements,  the  assumption  does  not 
appear  unreasonable.  
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The approach  does  not  depend upon several assumptions 
which are o f t e n  used i n  comparing  f lyover   noise  data 
t o   o b t a i n   e x c e s s   s o u n d   a b s o r p t i o n   c o e f f i c i e n t s .  No assump- 
t i o n s  are made as t o  the uniformity  of  the sound source 

from flight t o  f l i g h t .  And, no  assumptions are invoived 
as t o  the uniformity of sound power ou tpu t   and /o r   d i r ec t iv i ty  
c h a r a c t e r i s t i c s   f o r  fliehts made a t  d i f f e r e n t   a l t i t u d e s .  

The ana lys is   concept  i s  i l lustrated i n  t h e  s i m p l i f i e d  
s k e t c h   o f   a i r c r a f t  f l ight  paths  and  ground  measurement 
p o s i t i o n s  sketched i n  F ig .  li Noise  signals  from  an 
a i r c r a f t   f l y i n g  a t  cons tan t  a l t i tade and heading above 
the ground are recorded a t  s e v e r a l  ground posi t ions  under-  
neath azld t o  e i ther  side of the a i r c r a f t  flignt p a t h .  

Time c o r r e l a t i o n s  are maintained so  that  t h e  s i g n a l  
rece ived  at any i n s t a n t  of time at  a ground  posi t ion 
can be related t o  the a i r c r a f t  flight p o s i t i o n ,  a f t e r  
t ak ing   i n to   accoun t  t h e  average  speed  of sound. I n  
ana lys i s ,   po r t ions   o f  flyover s igna ls  p ropaga ted   a t   t he  
same ang le   o f   r ad ia t ion  from t h e   a i r c r a f t  fliFht pa th  
a r e  compared f o r  two ground  posit ions.   Noise  levels  and 
propagat ion   d i s tances  are de te rmined   fo r   bo th   pos i t i ons  
f o r  the given angle o f   r a d i a t i o n .  

For example, us ing  the .ground p o s i t i o n s ,  A and B ,  

a n d   t h e   a n g l e s   i d e n t i f i e d   i n  Fie. 1, when ang le s  BA 
and  equal   an   a rb i t ra ry   angle  ex, the sound l e v e l s  

LA(X) and LB(X) 
can be determined. 

and  propagat ion  dis tances  dA(X) and d B ( X )  

The experimental   value of a tmospheric   absorpt ion 
can be determined  for  the d i f f e r e n c e   i n   p r o p a g a t i o n  
d i s t a n c e s .  Thus, f o r  the d i f f e r e n c e   i n   p r o p a g a t i o n  
d i s t a n c e ,  the atmospheric   absorpt ion,  m ,  i s :  
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where t h e  above  expression  ref lects   removal  o f  inverse-  
s q u a r e   r a d i a t i o n   e f f e c t s .  

The above  process  can be repeated f o r  a number of 
r a d i a t i o n   a n g l e s .  Thus, I n  the a n a l y s i s ,   d i f f e r e n c e s  
were de te rmined   fo r   r ad ia t ion   ang le s  a t  5' i n t e r v a l s  
extending  from 30° (as neasured  from the forward   d i rec t ion  
o f  t h e  a i r c r a f t )   t o  150°. 

Some l i m i t a t i o n s   i n   a n a l y s i s  are ev iden t  by  s tudy 
o f  Fig .  1. S i g n a l   l o s s e s  by propagation  over  very large 
d i s t ances  limit t h e  u s e f u l  data a t  very large o r   v e r y  
small r a d i a t i o n   a n g l e s .  Also,  a s  shown I n  F ig .  2, t h e  
s igna l s   r ece ived  a t  p o s i t i o n s   o t h e r   t h a n   t h o s e   d i r e c t l y  
underneath t h e  a i r c r a f t  are rece ived  a t  e l eva t ion   ang le s  
which are smaller than  the radiat ion  angle .   For   example,  
f o r  a f l y o v e r  a t  1000 f t ,  a s i g n a l  radiated from the 
a i r c r a f t  at  an  angle  of 30° w i t h  r e s p e c t   t o   t h e  f l i g h t  
path would be  rece ived  a t  a ground p o s i t i o n   l o c a t e d  2000 f t  
t o  t h e  side of  t h e  f l ight  p a t h  a t  an   e l eva t ion   ang le  
of  about 13". 

For small e l e v a t l o n   a n g l e s ,  there  is t h e  inc reased  
l i k e l i h o o d  of bending of propagat ion psths, and  iccreasea' ,  
s c a t t e r i n g  due t o   l o n g e r  p a t h  lengths  through the lower 
layers of  the atmosphere.   Thus,   in   processing the noise  
data, a l l  no i se   l eve l&  r ece ived  a t  e l eva t ion   ang le s   o f  
20° o r  less were a rb i t r a r i l y  excluded  from the a n a l y s i s .  
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MEASUREMEMT PROGRAM 

Descr ip t ion  of F i e l d  Measurements 
The measurements were made a t  NASA-Wallops S t a t i o n ,  

V i rg in i a  on A p r i l  2 9 ,  1969.  Seven flights of  t h e  four- 
e n g i n e   t u r b o j e t   a i r c r a f t   a t  a l t i t u d e s  o f  1500 and 2000 f t  
were r e c o r d e d   i n  t h e  morning. I n  t h e  a f te rnoon,  s i x  
flights of t h e  f o u r - e n g i n e   p i s t o n   a i r c r a f t  a t  a l t i t u d e s  
o f  700 and 1500 f t  were recorded,  followed by seven f l i g h t s  
of  the four-engine  turbojet  a t  a l t i t u d e s  o f  1500 and 2000 
f t .  Table I l i s t s  t h e  f l i g h t s  and the b a s i c  parameters 
of a l t i t u d e ,  a i r  speed and   eng ine   s e t t i ngs  as r epor t ed  
by t h e  f l i g h t  crew. 

The p i l o t s  were i n s t r u c t e d  t o  accept  some s p e e d   v a r i a t i o n  
b u t  t o  h o l d   a l t i t u d e   a n d   e n g i n e  power s e t t i n g   c o n s t a n t  
a long  t h e  prescr ibed f l i g h t  pa th .  The a i r c r a f t  were t r acked  
a long  the major   port ion  of  t h e  u s e f u l  flight t r a c k  w i t h  
a ground-based Bell Aerosystem GSN-5 l o c a l i z e r  and p o s i t i o n  
u n i t .  Time markers were placed  manually  on the  a l t i t u d e  
and f l i g h t  t r a c k   t r a c e s  from the  radar unit, based upon 
r ad io   t r ansmiss ion  o f  audio  time s i g n a l s  a t  approximate. 
1 5  second  intervals   throughout  t h e  flight. The t r a n s m i t t e d  
audio time signals were a l so   recorded  a t  each  noise  measure- 
ment p o s i t i o n .  

Noise   s igna ls  were recorded a t  t h e  f i v e   p o s i t i o n s  
shown i n  F ig .  3 .  This figure shows t h e  l o c a t i o n  of t h e  
measurement p o s i t i o n s  with r e spec t  t o  the a i r c r a f t  flight 
path and  approximate limits of  the  radar t r a c k i n g  data. 
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Measurement p o s i t i o n s  were selected so  that  the  same 
type   of   g round  cover   (grass )   ex is ted  a t  each s i t e .  The 
noise   measurement   ins t rumenta t ion ,   ou t l ined   in   b lock   form 
i n  F ig .  4 ,  was similar a t  each   pos i t i on .  

As i n d i c a t e d   i n  F ig .  4 ,  the f l g o v e r   n o i s e   s i g n a l   f o r  
each  microphone was recorded at  e a c h   s t a t i o n  on  two 
channels o f  an FM tape recorder,   one  channel  having con- 
ven t iona l  f l a t  frequency  response.  For the second  channel, 
a low frequency  de-emphasis  network  and  additional ampli- 
f i c a t i o n  were added t o  ob ta in   r eco rded   s igna l s   hav ing  
inc reased   s igna l - to -no i se   r a t io s  a t  h igh  f requencies .  
Only data recorded on the  second  channel was used. i n  
t h e  a tmospher ic   absorp t ion   ana lys i s .  

Meteorological  Measurements 
In   suppor t   o f  the f l i g h t  measurements, a series o f  

spec ia l   r ad iosonde   a scen t s  were made, commencing 30 minutes 
be fo re  t h e  f irst  f l i g h t s  i n   t h e  morning and t e rmina t ing  
a t  t h e  conclusion  of  t h e  a f te rnoon f l i g h t s .  During t h i s  

per iod,   temperature ,   winds  and  pressure a t  t h e  s u r f a c e  
were continuously  monitored  and  recorded b y  s t anda rd  U .  S. 
Weather Bureau (USWB) instruments  a t  t h e  end of  t h e  runway. 
Surface  temperature  and humid i ty  were also cont inuously 
monitored a t  one of  t h e  no i se  measurement p o s i t i o n s   t o  
t h e  s ide  of  t h e  runway. The radiosondes were s tandard  
USWE! un i t s   mod i f i ed   t o   ob ta in  e i t h e r  temperature o r  humidity 
on ly .   Ver t i ca l   w ind   p ro f i l e  data were obtained b y  double- 
t h e o d o l i t e   t r a c k i n g .  Data from t h e  radiosondes were 
read out  a t  1 5 - s e c o n d   i n t e r v a l s   r e s u l t i n g   i n  a mean 
ve r t i ca l   spac ing   o f   t empera tu re  or humidity data a t  . 

approximately 300 f t  I n t e r v a l s .  The radiosondes were 
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f u r t h e r   m o d i f i e d   t o   t e r m i n a t e   t r a n s m i s s i o n  a f te r  approxi- 
mately 5000 f t  of ascent:  making i t  p o s s i b l e   t o   l a u n c h  
successive  radiosondes a t  time i n t e r v a l s  of  less t han  
30 minutes. 

A detailed d e s c r i p t i o n   o f  the weather condi t ions  
e x i s t i n g   d u r i n g  the time of t he  measurements i s  presented  
i n  Appendix A .  Table I1 shows t h e  average   sur face  tem- 
p e r a t u r e   a n d   h m l d i t y   d u r i n g  the three sets of f l y o v e r s .  
The tab le  a l s o  l i s ts  t h e  range of sur face   t empera tures ,  
r e l a t i v e   h u m i d i t i e s ,  wind speeds and   barometr ic   p ressures  
dur ing  t h e  elapsed time p e r i o d   f o r  t h e  measurements. 
Figures  5 and 6 show p l o t s  of' t he  temperature   and  absolute  
humidity as a func t ion  of time from  mid-morning t o  l a t e  
af te rnoon.   F igure  7 shows a p l o t  o f  t h e  tempera$ure 
and  absolute  humidi ty  p r o f i l e s  as a func t ion  of  a l t i t u d e  
e x i s t i n g  at  the t ime of the morning  measurements. Based 
on t h e  temperature  ranpes  observed a t  the surface  and 
a l o f t   t o  2000 f t  h e i g h t  t h e  speed of  soun?  ranged  from 
1015 t o  1025 f t  per   second  dur ing  t h e  f l y o v e r s .  

The t e s t s  were conducted  during a day of changing 
weather cond i t ions   a l though   su r face   t enpe ra tu res ,  h u m i d i t y  
and  winds d i d  not  show l a rge   va r i a t ions   t h roughou t  t h e  
day. A m i l d  t empera ture   invers ion   ex is ted  a t  the time 
of  t h e  morning  measurements  (see F ig .  7) which l a t e r  
disappeared with s u r f a c e   h e a t i n g .  A f r o n t a l   p a s s a g e  
occur red   nea r   o r   sho r t ly   fo l lowing  t h e  time o f  t h e  morning 
measurements . 

Noise  and  Aircraft  Data Analysis 
For each   f lyover ,   no ise  and o p e r a t i o n a l  data were 

s t u d i e d  as follows : 

12 



a)  The p o s i t i o n   o f  t h e  a i rcraf t  was determined as 
a func t ion   of  time from t h e  radar t r a c k i n g   i n f o r -  
mation. 

b) The no i se   s igna l s   r eco rded  on the  ground were 
ana lyzed   in   one- th i rd   oc tave   f requency   bands  
a t  ha l f - second   i n t e rva l s .  

c )  By time c o r r e l a t i o n  of t h e  n o i s e   s p e c t r a  a t  d i f -  
fe ren t   g round  loca t ions  w i t h  the p o s i t i o n  of the 
a i r c r a f t   a n d   c o n s i d e r a t i o n   o f   d i f f e r e n c e s   i n  
propagat ion   d i s tances   va lues  of  atmospheric 
abso rp t ion  as a func t ion  of  propagat ion   d i s tance  
were determined. 

Figure 8 i l l u s t r a t e s  t h e  major steps i n  t h e  data a n a l y s i s  
process   in   b lock   form.  

From the x-y p l o t s  of  a l t i t u d e   a n d  f l i g h t  t rack  produced 
by t h e  radar u n i t   t o g e t h e r  wi th  time marks, the a l t i t u d e ,  
l a t e ra l  displacement  and  distance  along the  flight t r a c k  
of  the a i r c r a f t  were determined as a func t ion   of  time. 
Using t h i s  information  and  an  average  value  for   the speed 
of sound, t h e  times a t  which t h e   n o i s e   s i g n a l   r a d i a t i n g  
from t h e  a i r c r a f t  a t  va r ious   r ad ia t ion   ang le s  would b e  
rece ived  a t  each of t h e  ground  measurement  positions 
were computed. ( A  brief d e s c r i p t i o n   o f  the computations 
u t i l i z e d   d u r i n g  t h e  data a n a l y s i s  may be found i n  Appendix B.) 
Also  c a l c u l a t e d  were the  propagat ion  dis tances   f rom the 
a i rcraf t  t o  each o f  t h e  ground  locat ions,   corresponding 
t o  the propagat ion   pa ths   for  the va r ious   ang le s   o f   r ad ia t ion .  



A s e p a r a t e   s t e p   i n  t he  s tudy i s  t h e   a n a l y s i s   o f  the 
n o i s e   s i g n a l   r e c e i v e d  a t  each  ground  locat ion.  This  
was accomplished  by  playback o f  t h e  n o i s e   s i g n a l s   r e c o r d e d  
w i t h  low frequency  de-emphasis i n t o  a Hewlett-Packard 
Real Time Audio  Spectrum  Analyzer.  Under the  c o n t r o l  
of  a Digital  Eqtliprnent PDP-8 computer, the  n o i s e   s i g n a l s  
were analyzed by t h e  Spectrum  Analyzer a t  half-second 
in t e rva l s   i n   one - th i rd   oc t ave   f r equency   bands   ex tend ing  
from 50 Hz t o  10,000 Hz c e n t e r   f r e q u e n c i e s ,  w i th  one 
of the time s igna l s   r eco rded  on the annota t ion   channel  
of the tape used as a time re fe rence .   Acous t i c   ca l ib ra t ion  
s igna l s ,   r eco rded  on the t a p e  a t  the time o f  t h e  f i e l d  

experiment,  were u t i l i z e d  as a check  on system performance 
and as a c a l i b r a t i o n   s t a n d a r d   f o r  the n o i s e   s i g n a l s .  
In   addi t ion ,   f requency   response   cor rec t ions ,   de te rmined  
from t h e  f r equency   cha rac t e r i s t i c s   o f  t he  record  and 
playback  systems, were a p p l i e d  t o  t h e  data. 

The output   o f  the PDP-8 computer was a paper   tape,  
on which   no ise   spec t ra  a t  ha l f - second   i n t e rva l s  were 
coded i n   d i g i t a l  form. The paper tape was read i n t o  an 
IBM Paper  Tape  Reader/Punch  connected to an IBM 360-30 

computer, which t r a n s f e r r e d  t h e  data from  paper  tape 
onto  punched  cards   for  further computer  processing. 

Using t h e  tines, ca lcu la t ed   p rev ious ly ,  when t h e  no i se  
s ignals   would b e  received  on t h e  ground as a func t ion  
o f  r a d i a t i o n   a n g l e ,  t h e  no i se   l eve l s   i n   each   f r equency  
band% a t  the  d i f f e ren t   g round   l oca t ions  for the vari0u.s 
r a d i a t i o n   a n g l e s  were determined by i n t e r p o l a t i o n  of 
the half-second  noise  data. 

* For  the purposes  of t h i s  s tudy,   only data i n   o n e - t h i r d  
octave  frequency  bands  from 400 Hz to 10,000 Hz c e n t e r  
f requencies  were considered.  
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In  each  frequency  band the n o i s e   f l o o r  was established 
by visual   examinat ion of t h e  time h i s t o r i e s   o f  t h e  no i se  
s i g n a l s ,   p l o t t e d  by t h e  computer. The n o i s e   f l o o r   v a l u e s  
were used t o   a d j u s t  t h e  no i se   l eve l s   fo r   s igna l - to -no i se  
r a t i o   e f f e c t s ,   a n d   t o   i n v a l i d a t e   n o i s e  data that  were 
wi th in  three d e c i b e l s  o f  the noise  floor. 

Then, t h e  atmospheric   absorpt ion was o b t a i n e d   f o r  
each radiat ion  angle   and  f requency  band under cons ide ra t ion  
by t a k i n g  the d i f f e r e n c e   i n   a d j u s t e d  noise l eve ls   observed  
a t  eacH pos i t i on   pa i r ,   and   r emov ing  t h e  va lues   o f   inverse-  
s q u a r e   a t t e n u a t i o n   c a l c u l a t e d  ea r l i e r  i n  accord wi th  
Eq. (1). The r e s u l t i n g   o u t p u t  was a l i s t i n g ,   f o r   e a c h  
r a d i a t i o n   a n g l e ,  of incrementa l   p ropagat ion   d i s tances  
and t h e  corresponding  values  of a tmospheric   absorpt ion 
as a func t ion  o f  frequency. 



MEASUREMENT  RESULTS 

Calculated  Atmospheric  Absorption 
Atmospheric  absorption  values  were  computed  from SAE 

ARP 866 curves  or  tables  for  field  temperature and  humidity 
data  at 200 ft intervals  from  surface to 2000 ft  altitude  for 
each  of  the  three  periods  of  noise  measurements.  Table I11 
lists  the  mean SAE ARP 866 values for each of the  three 
measurement  periods  based  upon  averaging  absorption  values 
between  the  surface  and 1500 ft  altitude. 

The  differences  among  the  three  average  curves  are  quite 
small, ranging  from 0.1 dB p e r  1000 ft at 1000 Hz, and 0.6 dB 
at 4000 Hz, to  a  maximum  of 2.0 dB at 8000 Hz. Table I11 
also  lists a mean  set  of  absorption  values  computed  from 
the  averages  for  the  three sets of flyovers. In later figures, 
this  mean  set  of  values will be  taken  to  represent  values 
obtained  by SAE ARP 866 calculations. 

Table I11 also shows a set of mean  absorption  values  com- 
puted  from  only  surface  measurements . . .  of  temperature  and 
humidity  during  the  flyovers.  Differences  between  these  values 
and  the  mean  computed  from  surface and-,-altitude data  are 
very small,  ranging  from 0.1 dB per 1000 ft  at  frequencies 
of 3150 Hz or  less, to a maximum  difference  of 0.4 dB  per 
1000 ft at 8000 Hz. 

The  mean  absorption  values  computed  from  surface  and 
altitude  measurements  (from  Table 111) are  shown  in Fig. 9 
together  with  the  maximum  and  minimum  values  calculated  for 
any  surface or 200 ft  altitude  interval (to 2000 ft)  con- 
dition  existing  during  the  flyover  measurements.  The  total 
range  in  absorption  values is, of course,  considerably 
larger  than  the rmge between  averages  for  the  three sets 
of  flyovers. 
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The  maximum  range in absorption  values  during  any  one 
set of flyover  measurements  occurred  during  the  afternoon 
turbojet  aircraft  flyovers, where maximum spreads  in  cal- 
culated  values  with  altitude  ranged  from 0.2 dB per 1000 
ft  at 1000 Hz,  and 1.5 dB at 4000 Hz, to 8.0 dB at 8000 Hz. 

It should  be  noted  that the  tests  were  conducted  under 
high  humidity  conditions, in the  range  where  calculated 
atmospheric  absorption  values  are  quite  insensitive  to 
small  changes  in  temperature or humidity.  Had  the  tests 
been  conducted  under  lower  humidity  conditions,  the  measured 
variations  in  temperature  and  humidity  could  have  produced 
much  larger  variations  in  calculated  atmospheric  absorption. 

Measured  Atmospheric  Absorption  Values 
Figures 10 and 11 show typical  plots  of  the  excess 

attenuation  in dB vs  propagation  distance  in  feet.  The 
figures  show  data  for  an  afternoon  run  of  the  turbojet  for 
frequencies of 1000 and 4000 Hz. Data  symbols in the  figures 
distinguish  between  data  obtained  while  radar  tracking 
data  was  available  and  data  acquired by extrapolation  beyond 
the  limits  of  radar  tracking  (which  occurs  prinarily  at 
large  radiation  angles).  Data  received  at  elevation  angles 
at  ground  positions of less  than 20 degrees  are  excluded. 

The  slopes of linear  regression  lines  fitted  to  the 
experimental  data  yield  .experimental  values  of  atmospheric 
absorption  in dB per 1000 ft. In analysis,  three  types  of 
least  squares  regression  line  fits  to  the  experimental  data 
were  considered:  (a)  unweighted  regression  lines, (b) weighted 
regression  lines  with  the  weighting  linearily  proportional 
to  the  differential  propagation  distance.  and 
( c )  weighted  repression  lines  with 

I 



the  regression  lines  forced  to  pass  through  the x- and y- 
axis  Intercept.*  Figures 10 and 11 show  examples  of  the 
three  regression  lines  fitted  to a s e t  of flyover data. 

It was generally  found  that, as indicated In Figs. 10 
and 11, the  slopes  of  the  regression  lines (and hence,  the 
atmospheric  absorption  values)  were  not  particularly 
sensitive to nor  dependent  upon  the  type of regression  line 
analysis.  This is further  illustrated  in Fig. 12 which 
shows  the  average  absorption  values  determined  for  the 
seven  afternoon  flyovers  of  the  turbojet  transport  aircraft. 
The  three  curves  show t he  absorption  values  determined 
from  the  unweighted,  weighted  and  forced-weighted  regression 
line  analysis.  Comparison  of  the  standard  deviations  for 
the mean values  shown in  Fig. 12 indicates  there  was  slightly 
less variability  at a given  frequency  for  the  weighted 
regression  line.  However  the  differences  in  var,iability 
were not  large. 

In choosing data for  later  presentation, an arbitrary 
choice was made to rely  primarily upon the  absorption  values 
determined  from  weighted  regression  lines. In comparison 
with the wweighted regression  line, this data gives 
greatest  weight  to  differences  in  noise  levels  observed 
for  large  propagation  path  differences  where one would  most 
reasonably  expect  the  differences  in  noise  levels  to  be  due 
to absorption  effects  rather  than  various  possible  experi- 
mental  errors.** 

* The  different  equations  for  determining  the  regression 

** In some cases  we  will  utilize  statistical  analysis  based 
lines a r e  given  in  Appendix B. 

upon  unweighted  regression  lines,  primarily f o r  the ease of 
statistical  interpretations  utilizing  unweighted  regression 
lines. 
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Figures 13, 14 and 15 show  the  absorption  values 
determined  from  the  slopes  of  weighted  linear  regression 
lines  calculated  from  data for each  individual  flyover. 
In the  figures,  each  flight  is  denoted by  a  separate  symbol. 
As shown  by  the  coding  of  the  symbols  there  were  often 
considerably  fewer  data  samples  at  high  frequencies. The 
lessened  number  of  data  samples  at  high  frequencies is due 
to  the  decreasing  signal-to-noise  ratio  at  high  frequencies 
which  eliminated  useful  data  at  both  large  and  small 
radiation  angles.  Also  shown  in  each  figure is the  average 
absorption  based  upon SAE ARP 866 calculations,  previously 
shown  in Fig. 9. 

Mean  values* of  the  atmospheric  absorption  determined 
for  each of the  three  sets  of  flyover  measurements  shown 
in Figs. 13, 14 and 15 are  shown  in  Fig. 16. A l s o  shown 
in  this  figure is the  mean  atmospheric  absorption  value 
calculated  from  SAE  ARP 866. One  will  note  that  the  experi- 
mental  data  lies  slightly  above  the  calculated  curve  for 
frequencies  below 1000 Hz. The  experimental  data  brackets 
the SAE values  in  the  frequency  range  from  about 1000 to 
4000 Hz; the  turbojet  data  falls  below  the SAE values  at 
frequencies  above 5000 Hz while  the  propeller  aircraft  data 
stays  consistently  above  the SAE value at frequencies  of 
4000 Hz and  above. 

The  data  presented  in Fig. 13 through 16 have  utiljzed 
data  obtained  when  accurate  tracking  data  was  available  and 
have  also  included  data  when  tracking  information  and 
aircraft  position  was.obtained  by  extrapolation  beyond  the 
range  of  the  radar  information.  When  such  extrapolated 

* In determining  the  mean  value  for  a  set,  values  for  an 
individual  flyover  were  weighted in accord  with  the 
number  of  data  points  used  to  determine  the  individual 
flyover  values. 
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data is removed  and  regression  lines  are  recalculated, 
some  differences  appear,  particularly  for  the  turbojet 
data.  Figure 17 shows  the  average  data  for  each  of  the 
three  sets  of  flyover  measurements  with  extrapolated  data 
removed. In comparison  with  Fig. 16 the  data  of Fig. 17 
shows  slightly  higher  atmospheric  absorption  values  for 
the  turbojet  data  at  frequrncies of 2000 Hz  or less.  Also 
the  atmospheric  absorption  values  are  higher in the  range 
from 4000 Hz and  above. As a  consequence  the  spread  among 
the  three  sets  of  experimental  data is reduced  at 4000 Hz 
and  higher  frequencies. 

To further  explore  possible  variables  effecting  the 
experimental  absorption  values,  regression  lines  were  cal- 
culated  for  the  data  obtained  only  for  flyovers  at 1500 ft 
(eliminating  the  data  for  flights  at 7 0 0  ft for  the  piston 
aircraft  and  for  flights  at 2000 ft for  the  turbojet  air- 
craft). Figure 18 shows  the  mean.  absorption  coefficients 
determined  from  weighted  regression  lines  for  the  three  sets 
of  flyovers  at  altitudes  of 1500 ft.  Comparison  with Fig. 
17 will  indicate  little  change  in  the  data  for  the  turbo- 
jet  aircraft  and  relatively  little  change for  the  piston 
aircraft  for  frequencies  below 4000 Hz. However  above 
4000 Hz the  absorption  values  from  the  piston  aircraft  are 
lower  and  now  are  very  close to those  measured  with  the 
turbojet  aircraft. 

To facilitate  comparisons  between  the data presented 
in  Figs.'36, 17 and 18, average  absorption  curves  were 
calculated for each  of  the  three  sets of absorption  values 
shown  separately  in  three  figures.  These  averaged  values 
are  tabulated  in  Table IV and  are  also  plotted  in  Fig. 19 
for  comparison  with  the  average SAE ARP 866 values. 
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From F ig .  19 one  notes  t h a t  a l l  three f i e l d  curves 
fo l low t h e  c a l c u l a t e d  SAE curve  within  about  t one d B  
from 1000 Hz t o  5000 Hz. A t  frequencies  below  1250 Hz, 
a l l  three exper imenta l   curves   cons is ten t ly  y i e l d  higher  
abso rp t ion   va lues   t han   p red ic t ed  by SAE ARP 866. A t  h igh 
f requencies ,  the  experimental   curves   fol low the s lope  of 
the ca l cu la t ed   cu rve  well, except a t  8000 Hz. 

Figure  1 9  i n d i c a t e s  that ,  among the three experimental  
curves ,   e l imina t ion   of   ex t rapola ted   t racking  data p o i n t s  
r e s u l t s   i n  a g e n e r a l ,   s l i g h t   i n c r e a s e   i n   a t m o s p h e r i c  
abso rp t ion   va lues .  L i t t l e  d i f f e r e n c e  i s  noted  between 
data f o r  a l l  f l i g h t s  and  only 1500 f t  f l i g h t s   ( e x t r a p o l a t e d  
data removed)  except a t  8000 Hz. 

A study was undertaken t o  see i f  there was s i g n i f i c a n t  
d i f fe rences   in   exper imenta l   a tmospher ic   absorp t ion   va lues  
due t o   v a r i a t i o n s  w i t h  angle  of rad. ia t ion  f rom t h e  a i r -  
c r a f t .   F o r  t h i s  a n a l y s i s ,  data was d i v i d e d   i n t o  t h ree  
groups -- a n g l e s   o f   r a d i a t i o n  of 30° t o  6 5 O ,  70° t o  110' 
and 115O t o  150". (With e l imina t ion   of  the data obtained 
beyond t h e  range of accurate r t i da r  t rackir lg ,  there was con- 

siderably less t u r b o j e t  data f o r  t h e  angle   range from 115O 
t o  150°..) 

The p i s t o n   a i r c r a f t   c u r v e s ,  shown i n  FIE;. 20,  show 
l i t t l e  c o n s i s t a n t   d i f f e r e n c e   i n   a b s o r p t i o n   v a l u e s  among 
t h e  three angle   groupings.  However, f o r  t h e  t u r b o j e t  air-  
c r a f t   c u r v e s ,  shown i n  F ig .  2 1  (and based upon data f o r  
both monning  and  afternoon  f lyovers),  t h e  c u r v e   f o r  
r ad ia t ion   ang le s   f rom 115O t o  150° i s  cons i s t an t ly   l ower  
than  t h e  c u r v e s   f o r  t h e  o t h e r  two angle   groupings.  



If one  were  to  determine  absorption  values  using 
only  the  maximum  levels  occurring  in  each  one-third  octave 
band  during  a  flyover - a  technique  often  used  previously 
in obtaining  estimates of atmospheric  absorption from 
flyover  noise  records - the  results f o r  turbojet  aircraft 
would be based,  typically,  on  the  noise  radiated  at  angles 
from  about 120° to 150°. Thus,  this  technique  applied  to 
the  turbojet  data  under  study  would  yield  absorption 
values  lower  than  that  obtained  by  utilizing  data  from  a 
wider  range of radiation  angles. 

Measurement  Variability 
As discussed  previously,  there  may  be  considerable 

fluctuation  in  noise  signals  propagated  over  large  distances. 
In addition,  the  time-varying  levels  of  a  flyover  noise 
signal  together  with  changes  in  angle  of  sound  radiation 
and  propagation  distance  with  time do not  permit  averaging 
flyover  sound  levels  over  long  time  intervals  to  improve 
accuracy of measurement. As an alternate  to long time 
samples,  one may  achieve  increased  accuracy by ensemble 
averaging,  utilizing  the  data  from  a  number of measure- 
ments  at  different  microphone  positions or through  repeat 
flyovers,  provided  other  conditions of the  test  remain 
unchanged. 

To obtain  estimates of the  variability  in  the  fly- 
over  measurements,  two  different  measures  of  variability 
were  studied.,  One  measure  was  obtained by  determining  the 
confidence  intervals  for  the slopes of  the  (un-weighted) 
regression  lines  fitted  to  the  basic  data  as  shown  in  Fig. 
10 and 11. Application of standard  statistical  methods 
(Ref. 6 ) >  and  assuming  normal  distributions  yields  measures 
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of  the  confidence  intervals  which  may  be  assigned  to  the 
slopes  of  the  regression  lines.  Such  statistical  analysis 
for  data  from a single  typical  turbojet  flyover  indicates 
95% confidence  intervals  ranging  from  about +1 - dB per 
1000 ft  for  frequencies at 2500 Hz or  less  increasing to 
the  order  of - +2 dB  and  greater  at  frequencies  above 5000 
Hz. 

Grouping  together  data  from  repeat  flyovers  will  reduce 
the  confidence  intervals  and  results  in  increased  assurance 
of  measurement  accuracy.  The 95% confidence  interval f o r  
mean  values,  determined by  grouping  together all  data  for 
one  set  of  six  (or  seven)  flyovers  showed a minimum  con- 
fidence  interval  of +0.32 ” dB per  thousand  feet  (occurring 
at 2500 Hz for  the  piston  aircraft  flyovers)  and  a  maximum 
confidence  interval  of +2.2 - dB (occurring  at 8000 Hz for 
the  piston  aircraft  flyovers). 

Computing  root-mean  square  values of the  confidence 
intervals  for  all  frequencies  from 400 to 6300 Hz yielded 
interval  values  of +0.59 - dB and +0,41 - dB  for  the  morning 
and  afternoon  turbojet  flights  respectively  and - +0.46 dB 
for  the  afternoon  piston  aircraft  flights.  These  values 
indicate  more  variability  for  the  morning  data,  but  little 
difference  in  variability  for  the  two  sets  of  afternoon 
flights. 

If one  considers  the 95% confidence  interval  of +0.6 P 

dB per  thousand  feet  as  representative  of  the  value in any 
frequency  band of any  one  set  of data,  differences  between 
sets  of  data  of about-one dB per  thousand  feet or  more  would 
be considered  statistically  significant  at  the 95% confidence 
level.  With a 95% confidence  interval  of +2 dB  for  the 
average  slope  value a difference  of  about 3 dB or  greater 
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would  be  significant  at  a 95P confidence  interval. On this 
basis,  the  differences  between  the  three  curves  of  Fig. 19 
would not be  statistically  significant  at  the 95% con- 
fidence  level. 

A different  measure of variability  can be determined 
by comparing  the  noise  levels in a  given  frea,uency  band 
observed  at  the  same  ground  position for the  same  angle  of 
radiation  from  the  aircraft  during  repeat  flyovers  of  the 
aircraft  at  the  same  altitude.  Table V summarizes  the 
results  of  such an analysis,  undertaken  for  data  received 
at  Position 2 (the  position  directly  underneath  the  flight 
path)  and  for  Position 5; the  position  furthest  from  the 
flight  path  for  the  turbojet  flyovers  at 2000 ft  altitude 
during  the  morning  and  afternoon. 

Mean  levels  and  standard  deviations  for  the  means  were 
determined  for  each  angle  at 5' intervals  of  radiation 
angle  at  frequencies  of 500, 1000, 2000, 4000 and 6300  Hz. 
The  table  lists  the  mean  standard  deviation  for  a  given 
frequency  band  irrespective of distance  for  Position 2 and 
for  Position 5.% Table  values  show  an  increase in the standard 
deviation  with  frequency;  also,  greatest  variability is 
observed f o r  measurements  at  Position 5. 

The standard  deviations  plotted as  a  function  of 
propagation  distance  generally show an increase in size  with 
increased  propagation  distance f o r  the  levels  measured 
directly  under  the  aircraft  (Position 2) ;  however  this 
trend  is  not  consistant f o r  the  data  at  Position 5 .  To 

sf The  variability in noise  levels  for  any  one-third 
octave  frequency  band  at  a  given  angle will generally 
be  larger  than  the  variability  in a flyover  noise  level 
measure  based  upon  a  broader  frequency  bandwidth, o r  a 
flyover  measure  calculated  from  a  number of band  level 
measurements.  Thus  the  flyover  noise  measures  reported 
in Ref. 7 f o r  the  same  flyover  data  will  show  considerably 
less  variability  than  the  data  discussed  here. 
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illustrate  the  trend  with  distance  observed  at  Position 2, 
Fig. 22 shows  the  standard  deviations  for  frequencies  of 
1000 and 4000 Hz plotted as a function  of  propagation  dis- 
tance.  Typically,  at 4000 Hz,  the  standard  deviation in- 
creases  from  about 1 dB at 2000 ft to  about 3 dB at 4000 
ft propagation  distance. 

Signal-to-Noise  Limitations  at  High  Frequencies 
The  number  of  experimental  values of sound  absorption 

used  to  determine  the  regression  lines  (see  Fig. 10 and 11) 
was  essentially  constant  over  the  frequency  range  from 
400 to 5000 Hz but  decreased  at 6300 Hz with  a  more  marked 
decrease at 8000 Hz, primarily  as a result of degradation 
in signal-to-noise  ratios. To determine  the  degree of 
improvement  achieved  in  practice  by  utilizing  the  low 
frequency  de-emphasis  circuit  in  recording  (see  Fig. 4) 
and  to  determine  the  extent of potential  future  improvements 
which  might  be  possible  before  reaching  limits  set  by 
ambient  acoustic  noise  levels,  background  noise  levels  were 
measured  at  the  output  of  the  data  reduction  system  (the 
output from the PDP-8 computer  of Fig. 8 ) .  Table VI lists 
these  background  noise  levels  for  both  the  conventional 
flat  system  and  the  channel  with  the low frequency  de-- 
emphasis  circuit. In addition  the  table  lists  estimates 
of  the  ambient  acoustic  noise  level  existing  on  the  site 
and the  typical  electrical  background  levels  at  the  output 
of the  microphone  cathode  follower. All levels  are  stated 
in terms  of  the  equivalent  input  sound  pressure  levels  to 
a  typical 1/2 inch  condenser  microphone. 

Comparison of the  levels  given  in  Table VI indicates 
that  the  1ow:frequency  de-emphasis  circuit  resulted in  a 
reduction  of  equivalent  noise  floor  levels  of 14 dB at 



5000 Hz and 20 dB at 8000 Hz. However,  even  with  the  de- 
emphasis  circuit,  instrumentation  noise  levels  are  of  the 
order of 25 to 30 dB above  estimated  ambient  acoustic  levels 
or the  background  signal  level  at  the  output  of  the  micro- 
phone  cathode  follower  at 8000 Hz. This  comparison  clearly 
indicates  the  potential  for  further  changes  in  instrumenta- 
tion  to  achieve  lower  effective  background  levels  with 
promise  of  considerable  improvement before being  limited 
by  system  input  noise  levels. 
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CONCLUSIONS 

This  comparison  of  atmospheric  absorption  values 
obtained  from  flyover  noise  measurements  with  calculated 
absorption  values  based  upon  temperature  and  humidity 
measurements  at  the  surface  and  aloft  provides  the  follow- 
ing  conclusions: 

1. The  data  analysis  techniques  employed in this  study 
yield  useful  atmospheric  absorption  values  over  the  frequency 
range  up  to 8000 Hz.  Moderate  accuracy in  determining 
absorption  values  resulted  from  data  for  a  single  flyover. 
Significantly  better  accuracy  can  be  obtained by grouping 
data  from  several  flyovers,  thus  for  sets  of 6 or 7 flyovers 
typical 95% confidence  intervals of +0.4 - to 0.6 dB per 
1000 ft were  obtained  for  atmospheric  absorption  values 
over  the  frequency  range  from 400 to 6300 Hz. 

2. The  tests  were  conducted  under  conditions  of  high 
humidity  and  moderate  temperature in  a  range  where  atmospheric 
absorption  is  not  sensitive  to  small  changes  in  either 
temperature  and  relative  humidity. For the  single  day of 
measurements  the  differences  between  calculated  mean  sound 
absorption  values  based  only  upon  surface  measurements of 
temperature  and  humidity  and  calculated  mean  values  using 
combined  surface  and  altitude  measurements of  temperature 
and  humidity  were  small,  ranging  from 0.1 dB per 1000 ft 
at  frequencies of 3150 Hz or less to  a  maximum of 0.4 dB 
per 1000 ft  of 8000 Hz. However,  the  calculated  absorption 
at  various  altitudes did show  moderate  variation  from  mean 
values.  This  variation  indicates  the  desirability  of  making 
both  surface  and  altitude  measurements of temperature  and 
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humidity  in  order  to  determine the extent of possible 
atmosphepic  absorption  variations  during  field  measure- 
ment s. 

3. For the  very  limited  set of meteorological  conditions 
encountered  during  the  tests,  the  mean  atmospheric  absorp- 
tion  values  obtained  from  combined  data  for  the  three  sets 
of flyover  measurements shows good  agreement  with SAE ARP 
866 calculated  values.over  the  frequency  from 1250 Hz to 
6300 Hz. At 1000 Hz and  lower  frequencies  (to 400 Hz, the 
lower  limit of the  analysis)  the  experimental  values, 
typically  averaging 2 dB  per  thousand  feet,  are  significantly 
greater  than  the  calculated  values. This increase  in 
absorption  at  lower  frequencies  may  reflect  losses  due t o  

scattering  in the lower  atmosphere  not  accounted  for in the 
current  industry  calculation  procedures. 

Considerable  spread  in  experimental  absorption  values 
at 8000 Hz  and  inconsistent  agreement  with  calculated 
values  reflects,  in  part,  the  lessened  accuracy  in  field 
measurements  due  to  sharp  reductions  in  data  sample  sizes 
at 8000 Hz. 

4. Comparison of the  experimental  absorption  values  for 
flyovers  of  the  four-engine  propeller transpc1.t aircraft 
with  those  from  the  four-engine  turbojet  transport  aircraft 
yielded  generally  comparable  data  with  no  consistent 
difference,  except  as  follows: 
(a) A t  8000 Hz the  propeller  aircraft  flyovers  provided 

higher  atmospheric  absorption  values  than  the  jet 
aircraft  data.  This  finding  may  not  be  significant 
due to the  limited  accuracy in field  data  at 8000 Hz. 



(b)  Comparison of measured  absorption  values  for  different 
angles  of  radiation  from  the  aircraft  showed  no 
consistent  difference  in  absorption  values  for  the 
propeller  aircraft  data.  However,  for  the  jet  air- 
craft,  absorption  values for large  radiation  angles 
(115 to 150° from  the  forward  flight  axis)  showed 
consistently  lower  values  over  the  entire  frequency 
range  than  for  smaller  radiation  angles  or  the  values 
obtained  from  the  propeller  aircraft  flyover  data. If 
this  trend is consistent  for  other  jet  aircraft,  it 
may  help  explain  the  reason  for  the  reported  field 
absorption  values  from  aircraft  flyover  measurement 
that  are  often  lower  than  those  based  on SAE ARP 866 
calculations. 

5. The  field  measurement  and  data  analysis  techniques 
utilized in  this  study  appear  applicable  for  further  studies 
of  atmospheric  absorption  utilizing  flyover  measurements 
conducted  over 2 wider  range  of  temperature  and  humidity 
conditions.  Improvements  in  field  measurements  are 
recommended  in  order  to  obtain  increased  accuracy  of 
measurements  particularly  at  the  higher  frequencies to . 

10,000 Hz : 
(a) Surface  measurements  of  temperature  and  humidity  and 

winds  should  be  made  at  each  ground  position. In 
addition,  it  would  be  desirable  to  obtain  near- 
simultaneous  radiosonde  measurements  of  temperature 
and  humidity  during  the  field  measurements  instead of 
alternate  measurements of temperature  and  humidity 
as  done  in  the  current  tests. 



(b) Radar  tracking  limits  with  respect  to  ground  noise 
measurement  positions  should be carefully  adjusted  in 
order  to  obtain  accurate  radar  information  over  a 
larger  segment  of  the  useful  flight pa th .  

(c) The noise  data  acquisition  and  data  reduction  instrumenta- 
tion  should  be  reviewed  and  changes'  incorporated in 
order  to  improve  the  useful  signal-to-noise  ratio  in 
the  frequency  range  covering  the 5000 to 10,000 Hz 
one-third  octave  bands.  Considerable  reductions in 
equivalent  background  noise  levels  are  possible  with- 
out  being  limited  by  ambient  acoustic  noise  levels  or 
rnicrophone/cathode follower electrical  background  noise 
limits. 
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A/C 

880 

880 

1049G 

TABLE I 
LOG OF AIRCRAFT TEST  FLIGHTS - 2 9  APRIL 1 9 6 9 ,  

NASA,  WALLOPS STATION, V I R G I N I A  

F l i g h t  
No. 

111 

1 1 2  

113 
1 1 4  
115 
116 
1 1 7  

2 1 1  

212 

213 
214 

215 
216 

217 

2 2 1  
222 

223 
2 24 

225 
2 26 

Time 
EDST 

0630 

0 6 3 9  
0 6 4 5  

0 6 5 2  

0 6 5 9  

0 7 0 7  
0714 

1 6 4 1  
1 6  48 
1 6  55 
1 7 0 3  
1 7 1 0  

1 7  18  
1 7  28 

1 5 1 7  
15  24 

15 3 1  
1 5  38 
15 46 
15  53 

A l t  , 
f t  

1 5 0 0  

1 5 2 0  

1 5 3 0  

1 9 7 5  
2050 

2100 

1 5 0 0  

1 5 0 0  

1 5 5 0  
1 5 0 0  

2200 

2100 

2050 

2000 

7 0 0  

700 

700 
1 5 0 0  

1 5 0 0  

1 5 0 0  

IAS , 
Kn 

208 

2 0 5  

205 
204 

202 

205 
2 03 

2 1  0 

1 9 8  
208  

208 

204 

205 
208 

220 

220 

220 

220 

220 

220 

A / C  g r o s s  W t  
1 0 0 0  l b s  

1 4 3 . 1  
1 4 0 . 3  

1 3 8 . 5  
1 3 6 . 4  
1 3 3 . 7  
1 3 1 . 5  
1 2 9 . 6  

1 5 0 . 5  
1 4 8 . 3  
1 4 6 . 2  

1 4 2 . 9  
1 4 1 . 2  

1 3 9 . 7  
1 3 3 . 5  

1 0 1 . 6  

1 0 0 . 8  

1 0 0 . 0  

9 9 . 2  
9 8 . 4  
9 7 . 6  

__ 

n g i n e  
e t t i n g s  

PR 2 . 2  

2 . 2  

2 . 2  

2 . 2  

2 . 2  

2 . 2  

2 . 2  

PR 2 . 2  ' 

2 . 2  
2 . 2  

2 . 2  

2 . 2  

2 . 2  

2 . 2  

YEP 2 3 4 , 2 6 0 0  RPM 
2 3 4 , 2 6 0 0  

2 3 4 , 2 6 0 0  

2 3 4 , 2 6 0 0  

234 , 2600 

234 , 2600 



TABLE I1 

TYPICAL SURFACE WEATHER PARAMETERS D U R I N G  FLIGHTS 

R.Hum. 
% 

1 0 0  
100 

85 
88 

88 
80 
- 

100 
67 

Wind 

Kn 
P r e s s  in Ha. S p e e d ,  
B a r .  P r e s s  

~~ ~ 

9.5 
0 

29.89 
29.85 
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TABLE I11 
AVERAGE  ATMOSPHERIC  ABSORPTION VALUES BASED 

UPON SAE ARP 866 CALCULATIONS 

Atmospheric  Absorption  in dB per 1000 ft 
Surface  and  Altitude  Data* 1 S u r f a c e  I 

* Values  reported f o r  each  flyover  set  are  based upon average of atnospheric 
absorption  values  determined  from  tempsrature  and  humidity  at  the  surface 
and  at 200 ft  intervals  aloft  to an altitude  of 1500 ft. 

* *  Eased  only on surface  measurements  during  the  three  sets  of  flyover  measure- 
ments. 



TABLE IV 
AVERAGE EXPERIMENTAL ATMOSPHERIC ABSORPTION 

VALUES FOR  FLIGHTS ON APRIL 29, 1969" 

.. .. ~ 

One-third 
Octave Band 
Frequency, 
Hz 
~. ~" ~. ~ 

400 
500 
630 
800 
1000 
1250 
1600 
2000 
2500 
3150 
4000 
5000 
6 3 0 0  
8000 

~ 

~ 

ATMOSPHERIC ABSORPTION. dB Der 1000 ft 
All Data 
(Fig. 17) 

1.8 
1.7 
1.7 
1.9 
1.5 
1 . 6  
1.9 
2.6 
3.4 
5.0 
6.5 
8.1 
10.1 
11.4 

No Extrapolated 
Tracking Data 
(Fig. 18) 
" ~ 

2.7 
2.4 
2.2 
2.4 
2.0 
2.0 
2.3 
2.9 
3.8 
5.5 
7.1 
8.8 

11.5 
12.9 

1500 ft Flights, 
No Extrap. Trackirlg 
Data (Fig. 1 9 )  

-. _.- 

2.5 
2.7 
2.4 
2.6 
2.4 
2.4 
2.7 
3.1 
3.9 
5.7 
7.3 
9.0 
11.1 
10.5 

* Values listed are the average of the values determined 
individually for  the three sets of flyover measurements 
on April 29, 1969. 
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TABLE V 
TYPICAL STANDARD DEVIATION FOR SOUND LEVELS* MEASURED 

AT NOMINAL 2000 FT ALTITUDE 
DURING REPEAT FLYOVERS  OF FOUR-ENGINE TURBOJET AIRPLANE 

Position** Propagation Standard Deviation in dB 
Distance Range 
Ft 

One-Third Octave Frequency Band in Hz 
500 1000 2000  4000 6300 

2 1880 to 3840 

5 2650 to  5500 

0.8 0 . 9  1.0 1.5 2 . 2  

2.4 2.8  2.9 3.8 2.8 
L 

* One-third octave band  sound levels observed at 5 degree 
intervals over radiation angles of 30° to 150' for seven 
flyovers. The rms standard deviation, S was computed as 
follows : 

- 2 
s = ( s  30" -t 3 5" 2 t  

where s8  is the standard deviation for band levels at 
radiation angle 8 .  

* *  See Figure 3. 
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Microphone 
B & K  
41 33 

(Note 1 )  

Cathode 
Follower 

B & K  
261 5 

Power Frequency Sound 
Weighted  Level 
Network  Meter 
(Note 2) GR 1551 

' I 
FM 

Tape 
Recorder 

CEC 
VU 3300 

30 cps 
1/2" IRlG 
(Note 3) 

Sound 
- Level 

GR 1551 
Meter 

NOTES: 
1. Microphone  placed  1.2 rn (5 ft)  above ground with diaphragm 

2. High-pass filter, -36 dB atten at 100 Hz, -6 dB atten a t  20 kHz. 

3. Voice  time  synchronization  signal (from central station)  recorded 

perpendicular to flight  path. 

on separate channel 

F I G U R E  4 .  T Y P I C A L   F L Y O V E R  NOISE M E A S U R E M E N T   I N S T R U M E N T A T I O N  
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MORNING F L Y O V E R   M E A S U R E M E N T S  
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ground and 1500 ft height. 
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C A L C U L A T E D   I N   A C C O R D A N C E   W I T H   S A E   A R P  8 6 6  
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Type of Regression Line Used 
to Determine Absorption Values +"" Unweighted - 

Weighted """" 

I Forcad WeIghted 

Values Obtained By 
- Averaging in Proportion 

to the Number of Samples 

M,l " " 

4Ooo 8 
One-Third Octave Band Center Frequencies in  Hz 

Kl 

F I G U R E  1 2 .  C O M P A R I S O N   O F   A V E R A G E   A B S O R P T I O N   C U R V E S   F R O M  
D I F F E R E N T   T Y P E S   O F   R E G R E S S I O N   L I N E S  

A f t e r n o o n  Runs o f   t h e   C o n v a i r  8 8 0  
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Valuer  Determined From Type o f  Number 
Weighted Regression Lines Symbol of Samples 
of Excess Attenuation on ope,, - 

Half-Omn 50-99 - Propagation Distance 
< 50 I Closed 

Symbol Run I 
111 
112 
113 
114 
115 
116 
117 

I 
Ground and  1500 ft. Height, 
Average  Absorption Between-,, 

Based on SAE  ARP  866 

500 lo00 2000 4Ooo 8000 
One-Thlrd Octave Band Center Frequencfer In Hz 

F I G U R E   1 3 .   V A R I A T I O N  OF A T M O S P H E R I C   A B S O R P T I O N   W I T H   F R E Q U E N C Y  
M o r n i n g  Runs o f   t h e   C o n v a i r  8 8 0  
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TRANSPORT  A IRCRAFT  FLYOVERS  AT 2000  F T  A L T I T U D E  



APPENDIX A 
METEOROLOGICAL DESCRIPTIONS 

Conven t iona l   su r f ace   cha r t s  for 29 A p r i l  1969  show tha t  
a f r o n t a l  passage occur red   ove r   Wal lops   i n  t h e  early morning 
h o u r s   p r i o r   t o  the 1200 GMT (0800EDST) map time. However, 
the sur face- recorded  data a t  Wallops  only  showed weak indica-  
t i o n s   o f   s u c h  a f r o n t a l   p a s s a g e .  A t  1100 GMT, t h e  s u r f a c e  
wind d i r e c t i o n   t u r n e d   s h a r p l y  from s o u t h e r l y  t o  n o r t h e a s t e r l y ,  
t h e n   n o r t h e r l y .  However, a l l  through t h i s  p e r i o d  t h e  s u r f a c e  
wind speed never  exceeded 3 f t / s e c .  The two  thermograph 
traces both  recorded  temperature  maxima dur ing  the n i g h t  a t  
0600 GMT, fol lowed by a subsequent  drop of  some 6 O  F i n   f o u r  
hours .  By t h i s  time the  s u r f a c e   r e l a t i v e   h u m i d i t y  was r e p o r t e d  
t o  b e  100%. A l l  through t h i s  pe r iod ,  the v a r i a t i o n s   i n   s u r f a c e  
pressure   never   exceeded  0.02 inches .  

By 1200 GMT, s u r f a c e   h e a t i n g   e f f e c t s  were beginning to be 

ref lected i n  t h e  data. The tempera ture  s teadi ly  r o s e   t o  a 
maximum a t  approximately  1500 GMT. The sur face   winds  became 
more t u r b u l e n t  w i t h  gus t s   r each ing  16 f t / s e c .  These changes 
were accompanied by a drying-out  of t h e  s u r f a c e  layer.  By 
1700 GMT, the  wind,  which had been  blowing  f rom  east-northeast ,  
became dec idedly  easterly, sugges t ing  t h e  o n s e t   o f  t h e  sea 
breeze.   Subsequent ly ,  t h e  sur face   t empera ture   decreased  
steadily. These v a r i a t i o n s   i n   s u r f a c e  parameters for the  
time p e r i o d   i n   q u e s t i o n  are summarized i n  Table I1 o f  the 
r e p o r t .  

The sur face   t empera ture   and  humidi ty  recorded a t  the 
two s i tes  d i d  n o t  agree a t  a l l  times. The largest d i s c r e p a n c i e s  
occurred   dur ing  t h e  a f t e rnoon   pe r iods  of maximum su r face  
hea t ing .  The high t empera tu re   o f  T O 0  F reached a t  the n o i s e  
measurement s t a t i o n  was not   reached  a t  the end  of the runway. 
A t  t h i s  p o i n t ,  a high of   only 62O F was measured. S i m i l a r l y ,  
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t h e  range of r e l a t ive   humid i ty   r eco rded  a t  t h e  end of the 
runway,   subsequent   to  1500 GMT was less t h a n  that recorded 
a t  the no i se   measu remen t   s t a t ion   fo r  the same pe r iod .   S ince  
p r i o r  t o  t h i s  time, bo th   s enso r s  were reported approximately 
t h e  same values ,  i t  appears  t h a t  t h e  d i f f e rences   subsequen t  
t o  1500.GMT are not  due t o   i n s t r u m e n t   e r r o r s   b u t  ref lect  
l o c a l   d i f f e r e n c e s   i n   a t m o s p h e r i c   c o n d i t i o n s .  

The upper a i r  data, up t o  3000 f t ,  are summarized i n  
the t ime-sec t ions   o f   t empera tu re   and   abso lu t e   humid i ty  shown 
i n  Figs .  5 and 6 i n  the  r e p o r t ;  time p r o f i l e s   o f  wind are 
shown i n  Fig.  A-1 .  These a n a l y s e s  were e x t e n d e d   t o  t h e  s u r f a c e  
by us ing  t h e  mean va lues  of t he  temperature   and  humidi ty  
recorded by t h e  two hygrothermographs  discussed  previously.  
Because of  t h e  inadequate  time c o n t i n u i t y   i n  t h e  upper a i r  
data f o r  the morning  per iod,  the time sec t ions   have   been  
drawn  only f o r  the p e r i o d   s u b s e q u e n t   t o  1400 GMT. For 
comparison, t h e  i n t e r p o l a t e d   p r o f i l e s  a t  1030 TMT are shown 
i n  Fig.  7 of  t h e  r e p o r t .  The most s i g n i f i c a n t   f e a t u r e s   i n  
these ana lyses  are: (a )  The upward p e n e t r a t i o n   o f  the s u r f a c e  
h e a t i n g   e f f e c t   b e t w e e n  1400 GMT and 1800 GMT; ( b )  the r a p i d  
changes t o   n e a r   i s o t h e r m a l   s t r u c t u r e   i n  t h e  lower layer 
between 1800 GMT and 1900 GMT; ( c )  t h e  subsequen t   pene t r a t ion  
Of a "cold   tongue"   in to  the lower l aye r s ;   and  ( d )  the formation 
of  a moist  layer between 1000 f t  and 1500 f t  subsequen t   t o  
2000 GMT. 

These v a r i a t i o n s   i n   a t m o s p h e r i c   s t r u c t u r e  may have 
impor t an t   e f f ec t s   on  the propagat ion .   F igure  A-2  f o r  example, 
shows the  time s e c t i o n   p r o f i l e   o f  the speed of  sound  computed 
from t h e  t e m p e r a t u r e   p r o f i l e s  shown i n   F i g .  5. The e f fec ts  
O f  wind  have  not   been  included.  The v e r t i c a l   v a r i a t i o n s   i n  
the speed o f  sound  shown  can  not be adequate ly  specif ied from 
the  s u r f a c e  data alone.  
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APPENDIX B 
DESCRIPTION OF COMPUTATIONS 

This  appendix summarizes t h e  v a r i o u s   c a l c u l a t i o n s  
u t i l i z e d   i n  the data a n a l y s i s .  A s  s e e n   i n   F i g u r e  B-1, the 
a c t u a l  pa th  of a n   a i r c r a f t   i n  f l ight  varies about a straight 
l i n e   p a t h .  The a c t u a l  path of t h e  f l y o v e r s   i n  t h i s  study, 
as depic ted   on  the a p p r o p r i a t e  radar t r a c e s ,  was approximated 
by s t r a i g h t   l i n e   s e g m e n t s ;  t h e  Car t e s i an   coord ina te s  o f  these 
segments, re la t ive t o  the radar z e r o   p o i n t ,  were ob ta ined  as 
a f u n c t i o n  of  time from the  radar traces  and  accompanying 
time marks. For  e a c h   f l i g h t ,  t h i s  in format ion ,  together  
w i t h  t h e  coord ina te s   o f  t h e  ground  measurement  posit ions,  
was used as i n p u t   t o  a computer  program. T h i s  program 
c a l c u l a t e d ,  by  l i n e a r   i n t e r p o l a t i o n  of t h e  i n p u t  data, t h e  
p o s i t i o n  of  the  a i r c r a f t  a t  one   s econd   i n t e rva l s   fo r   one  
m i n u t e ,   s t a r t i n g  a t  t h e  time f o r  which t he  coord ina tes  of 
the a i r c r a f t  were first known. 

If the time period  covered by the  i n p u t  data was less 
than  60 seconds,  t he  program e x t r a p o l a t e d   a i r c r a f t   p o s i t i o n s  
f o r  the times fo l lowing  the  known time pe r iod  by  assuming 
tha t  t he  a i r c ra f t  was f l y i n g   d i r e c t l y   o v e r  t h e  f l i g h t  t r a c k  
w i t h  the same speed as t h a t  i n  t h e  l a t e s t  time i n t e r v a l   f o r  
which i t s  a c t u a l  speed was known. The assumed a l t i t u d e  was 
obtained. by t a k i n g  a time-weighted average  of  the known 
a l t i t u d e s .  

For  each time increment ,  t he  ang le  of  r a d i a t i o n ,  OR9 
from the a i r c r a f t   t o   e a c h  measurement p o s i t i o n  was determined 
a c c o r d i n g   t o  the fo l lowing   equat ion  (see Figure  E-1): 

2 2 2 dl + d2 - d3 
0 = 180° - a r c   c o s i n e  (B-1) 
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where 0 = 

dl - 
d2 - 

- 
- 

d3 - 
- 

d4 - - 

Angle o f  r a d i a t i o n  
Propagat ion  dis tance 
Distance  of  t he  a i r c r a f t   a l o n g  the s t r a igh t  l i n e  
segment desc r ib ing  its f l i g h t  path a t  t h e  time 
under   considerat ion 
Distance  from  measurement  posit ion  to the beginning 
of  t h i s  l i n e  segment 
Distance  from  measurement  position t o  ground  point 
underneath the a i r c r a f t  

The rad ia t ion   t imes  ( to) corresponding  to   angles  of 
r a d i a t i o n  of 30' t o  150° at  5 O  increments were determined 
for   each  measurement p o s i t i o n  by i n t e r p o l a t i c n   o f  t h i s  angle- 
time r e l a t i o n s h i p .  Then, f o r  each of these r ad ia t ion   ang le s ,  
t h e  propagat ion  dis tance was ca l cu la t ed  from t h e  coordinates  
of the a i r c r a f t  and t h e  measurenent  posit ion.  Also  computed 
were t h e  angle   o f   e leva t ion  o f  t h e   a i r c r a f t  and t h e  propagat ion 
time : 

h X = arc   t angent  - 
a4 

(B-2) 

- dl 
tP - t o  + c (B-3) 

where X = Angle of  e l e v a t i o n  
h = Height   o f   a i rc raf t  
c = Average  value of  speed o f  sound 

tP = Time a t  which the   no i se  radiated from the a i r c r a f t  
a t  an  angle i s  rece ived  on the ground 

The nex t   ca l cu la t ion  step consisted  of  comparing t h e  
propagat ion   d i s tances   to  the d i f fe ren t  measurement p o s i t i o n s  
f o r   t h e  same angle o f  r a d i a t i o n .  For each pa i r  o f   pos i t i ons  
the d i f f e rence   i n   p ropaga t ion   d i s t ances  was obtained,  as 
we l l  as t h e  amount of  inverse-square   a t tenuat ion  based on 
t h e  r a t i o  of  the  propagat ion  dis tances .  
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For  example, i f  dlA and dlB r e p r e s e n t  t h e  propagat ion  
d i s t a n c e s  t o  p o s i t i o n s  A and B, r e spec t ive ly ,   and  i f  dlA<dlB, 
t hen  

d~~ 

and 

where dm is  the inc remen ta l   p ropaga t ion   d i s t ance   and  IAm 
is the inve r se - squa re   a t t enua t ion   be tween  the two   pos i t i ons .  
Incrementa l   p ropagat ion   d i s tances   and   inverse-square   a t tenua-  
t i o n s  were c a l c u l a t e d   f o r   e a c h   p o s i t i o n   p a i r  a t  each  angle 
of r a d i a t i o n ,   e x c e p t   f o r  the s i t u a t i o n   i n  which t h e  angle  of 
e l e v a t i o n   o f  t h e  a i rcraf t  from some p a r t i c u l a r   p o s i t i o n  was 
less t h a n   o r   e q u a l   t o  2 0 ° .  

The i n p u t  data to a second  computer  program were t h e  
o n e - t h i r d   o c t a v e   b a n d   n o i s e   s p e c t r a  a t  ha l f - second   i n t e rva l s  
r ece ived  a t  each  measurement  posit ion,   and t h e  propagat ion  
times f o r   e a c h   r a d i a t i o n   a n g l e ,   c a l c u l a t e d  e a r l i e r .  Using 
these times t h e  n o i s e   l e v e l s   r e c e i v e d  a t  each   pos i t i on  f o r  
the va r ious   r ad ia t ion   ang le s  were determined by i n t e r p o l a t i o n  
of  the ha l f - second  no ise  data f o r  each frequency  band. 

I n   a d d i t i o n ,  t h e  half-second time h i s t o r i e s  of  each 
frequency  received a t  each   pos i t i on  were p l o t t e d  by t h e  
computer. From t h e s e  plots the  n o i s e   f l o o r  was read by eye.  
The noise  l e v e l s  as a f u n c t i o n   o f   r a d i a t i o n   a n g l e  were next  
c o r r e c t e d   f o r  t he  i n f l u e n c e  of t h e  background  noise by 
l o g a r i t h m i c a l l y   s u b t r a c t i n g  t h e  n o i s e   f l o o r   f r o m  t h e  a p p r o p r i a t e  
level.  A l l  n o i s e   l e v e l s   w i t h i n  3 decibels o f  t h e  no i se  
floor were e l imina ted   f rom the a n a l y s i s .  

The a d j u s t e d   l e v e l s   f o r  each r a d i a t i o n   a n g l e  were t h e n  
t aken  two a t  a time and matched w i t h  t h e  appropr i a t e   i nc remen ta l  
p ropaga t ion   d i s t ance   and   i nve r se - squa re   a t t enua t ion   va lues  
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computed  previously.  The e x c e s s   a t t e n u a t i o n ,  m, was then  
c a l c u l a t e d  by t a k i n g  t h e  d i f f e r e n c e  iIz a d j u s t e d   l e v e l s   a n d  
removing the inverse-square   a t tenuat ion .   Thus ,  i f  LA and LB 
are the  c o r r e c t e d   s o u n d   p r e s s u r e   l e v e l s   i n  a frequency  band 
r ece ived  a t  p o s i t i o n s  A and B (propagated  over d i s t a n c e s  DIA 
and DIB) r e s p e c t i v e l y ,   t h e n  

mAB = LA - LB - : IAm (B-6) 

For e a c h   r a d i a t i o n   a n g l e  (30° t o  150, at 5 O  i nc remen t s ) ,  
va lues   o f  m vs  d were o b t a i n e d   i n  t h i s  manner f o r  a l l  t h e  
c o r r e c t e d  data, i n  each  frequency  band. 

L i n e a r   r e g r e s s i o n   l i n e s  were f i t t e d  t o  the values  o f  
excess   a t t enua t ion   v s   i nc remen ta l   p ropaga t ion   d i s t ance .  
The r e g r e s s i o n   l i n e s  are  o f  the form 

m = a, + ald (B-7)  

The values  of a, and dl were o b t a i n e d   i n  three d i f f e r e n t  
ways: by   S tandard   ‘ . eas t - squares   regress ion   ana lys i s ,  by  a 
weighted r eg res s ion   ana lys i s ,   and  by a fo rced - in t e rcep t  
wei,ghted r e g r e s s i o n   a n a l y s i s .  

The s t anda rd ,  o r  unweighted ,   regress ion   l ines  were 
ca l cu la t ed   f rom:  

a, = 

- 
al - 

ld21m - ldm 
Ncd2 - ( I d ) *  

N l d m  - Id m 
Ncd2 - ( 

where N i s  the number of data p o i n t s   i n  t h e  sample. 
The weighted r e g r e s s i o n   u t i l i z e s  a w e i g h t i n g   f a c t o r  

l i n e a r i l y   p r o p o r t i o n a l   t o  t h e  p ropaga t ion   d i s t ance   fo r   each  
data p o i n t .  For t h i s  t y p e   o f   l i n e ,  t h e  fol lowing  formulas  
were used: 

a, = cd31dm - Cd2Cd2m 

1d3Cd - ( Id2) 
(B-10)  
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(B-11) 

F i n a l l y ,   i n   a d d i t i o n  t o  a l i nea r   we igh t ing   f ac to r ,  the 
forced-weighted  regression  l ine i s  des igned   t o  pass through 
t h e  zero po in t  o f  the data, i .e .  zero a t t e n u a t i o n   f o r  a 
propagation distance of zero. It was computed using 

a. = 0 (B-12) 

(B-13) 
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